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HAIR ROOT CELL-FREE PROTEIN SYNTHESIS* 
IRWIN M. FREEDBERG, M.D.t 
ABSTRACT 
A cell-free amino acid incorporating system has been prepared from mammalian hair 
root cells obtained by epilating animals with latex paint. The system requires a 
particulate fraction from the tissue homogenate (microsomes or ribosomes), a super-
natant fraction in the case of riboNomes, ATP, GTP and magnesium. The particulate 
fraction is composed primarily of monomeric ribosomes which are as synthetically 
active as is the small amount of material with a sedimentation coefficient corresponding 
to polymeric ribosomes. Following in vivo injection of radioactively labeled amino 
acid , newly synthesized proteins are predominantly associated with the monomeric 
ribo ames. Ribonuclease has been identified in the components of the cell-free system 
whose activity is lower than that of a similar system prepared from mammalian liver. 
Elucidation of the pathways of macromolec-
ular metabolism is a prerequisite to complete 
definition of normal and pathologic function 
in any tissue. Although hair follicles are 
metabolically active structures, most investi-
gations aimed at the study of hair synthesis 
have focused upon the end product rather than 
upon the synthetic steps involved in its pro-
duction. Studies from several laboratories in 
ustralia (1, 2) have led to significant progress 
in the description of the chemical configura-
tion of hair and wool keratin but only Rogers' 
work demonstrating activation of amino acids 
by a cell-free extract of hair follicle tissue (3) 
has suggested the feasibility of complete in-
v tio-ation of protein biosynthetic pathways in 
hair root tis ue. The data presented in this 
communication arose from this suggestion and 
from our previous investigations of cell-free 
protein ynthesis in the skin ( 4) . The pur-
po c of the report is to describe the develop-
ment of and define the conditions for a cell-
free protein synthesizing system derived from 
mammalian hair root cells which can be used 
for valuation of the factors controlling pro-
tein ynthesis in the organ and for investiga-
tion of th pathways of keratin synthesis in 
hair root . A preliminary report of these ex-
periments ha been published ( 5) . 
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MATERIALS AND METHODS 
Albino male guinea pigs (300-400 grams, Elm 
Farm, Chelmsford, Mass.) and white mice (30-40 
grams, C-D strain, Charles River Laboratorief;l, 
Wilmington, Mas .) were fasted for 16 hours prior 
to u e . Epilatino- wax was prepared in the labora-
tory (6) and latex paint was obtained from the 
American Latex Company, Cambridge, Massa-
chusetts (Vultex). Radioisotopes were purchased 
from the New England Nuclear Corporation, Bos-
ton, Massachusetts (L-leucine-4,5-H3 , 5c/ mM; 
L-leucine-u.l.-C14, 200mC/ mM; amino acid rnix-
ture-u .l.-C14, 40mC/ milliatom C); nucleoside tri-
phosphates, pyruvate kinase and sodium phos-
pho nolpyruvate from Sigma Chemical Company, 
t. Louis, Missouri; Sephadex G -25 from Phar-
macia Fine Chemicals. Inc., Piscataway, New Jer-
sey; sodium desoxycholate and polyethylene 
glycol 400 from Fisher Scientific Company, Fair 
Lawn, New J ersey. Other chemicals were of re-
agent o-rade obtained from various commercial 
sources. 
Preparation of hair root homogenates. Hair 
roots were harvested according to the technique 
discussed below into a buffer of the following 
composition: 0.01 M Tris-HCl (pH 7.5) , 0.001 M 
MgCh 0.01 1\I KCl. 0.005 M mercaptoethanol. 0.25 
:\I sucro c (TMKES buffer). All subsequent opera-
tions \Vere performed at 4o C and were based upon 
imilar studie undertaken with other tissues and 
modifications developed for the stud.v of skin 
cell-free protein synthesis ( 4). The tissue was. 
homogenized in 8 volumes of TMKES in a 
Kontrs conical glass homogenizer, centrifuged 
twice in a ervall refrigerated-automatic centri-
fuge (15,000 X g, 10 min) in order to remove 
unbroken cells. debris, nuclei and mitochondria; 
and sub ... equentl~, centrifuged in a Beekman-
pineo Model L-2 65 ul tracentrifuo-e (270,000 X 
g. 60 min) to obtain a microsomal pellet and a 
high speed upernatant fraction. Ribosomes were· 
prepared by the addition of 0.1 volume of 10% 
desoxycholate in 0.1 M Tris-HCl (pH 7.5) to th~ 
108 
HAIR ROOT PROTEIN SYNTHE IS 109 
.5,000 X g supernatant fraction followed by centrif-
:gation (270,000 X g 60 min) over a cushion 
f 20 % sucrose in TMKE buffer. Particulate 
· ractions (microsomes and ribosomes) were gently 
· esuspended in TMKES by manual homogeniza-
tion before use. The high speed supernatant fraction 
was concentrated by dialysis against polyethylene 
glycol 400 for 60 minutes and was subjected to 
gel filtration on a column of Sephadex G-25 (2 X 35 
em). Elution of the column with TMKES buffer 
vielded several optical density peaks (280 m.u) and 
that occurring immediately after the void volume 
was used as the supernatant fraction in incorpora-
tion experiments. 
Cell-free amino acid incorporation. The incu-
bation mixture had the following composition in 
a total volume of 0.5 ml: 5 .umoles Tris-HCl buffer 
pH 7.3) , 36 .umoles KCl , 2.75 .umoles MgCl2, 220 
.umoles sucrose, 0.5 ,umole ATP, 0.05 .umole GTP, 
0.05 ,umoles CTP, 0.05 .umoles UTP, 5 .umoles phos-
phoenolpyruvate, 25 ,ug. pyruvate kinase, 2.5 
,umoles mercaptoethanol 0.25 .uc of radioactively 
labeled amino acid, and the particulate and high 
speed supernatant fractions no ted below. Incuba-
tions were carried out under air at 37° C in a 
metabolic shaker for the indicated t ime intervals. 
Reactions were stopped by the addition of 6 vol-
umes of ice-cold 10% trichloroacetic acid (V / V) 
containing 1% casein hydrolyzed amino acids 
(W / V) and proteins were allowed to precipitate 
at 4° C for at least 60 minutes. The resulting 
precipitates were heated to 95° C for 15 minutes 
to hydrolyze any charged tRNA, washed 8 
times with ice-cold 5% trichloroacetic acid, col-
lected on 0.45 .u millipore filters and dried. Radio-
activity was determined in a P ackard Tricarb 
liquid scintillation counter with a scintillation 
fluid containing 5g of 2, 5 diphen) loxazol and 0.4 
g of 1,4-bis-2-(4 methyl-5-phenyloxazol) benzene 
per liter of toluene. Zero-time values were sub-
tracted in all cases. Trichloroacetic acid precipi-
tates of the particulate and supernatant fractions 
were dissolved in sodium hydroxide for determina-
tion of protein content by the procedure of 
Lowry et al. (7) and RNA content by the orcinol 
method (8) . 
Density gradient studies. Density gradient cen-
trifugation wa performed by layering 3 ml of the 
dcsoxycholate tested 15,000 X g supernatant frac-
tion containing approximately 20-40 optical den-
sity units on top of a 10-30% (W / W) linear su-
crose gradient (25 ml) . Gradients were centrifuged 
in an SW-25 rotor at 90,000 X g for approximately 
300 minutes. The contents of the gradient tubes 
were pumped through a flow cell and the ab-
orbancy at 260 m.u was determined with a Gilford 
Model 2000 absorbance recorder (Gilford In-
strument Laboratories, Oberlin, Ohio). 
Electron microscopy. Tissue fractions and mate-
rial from the sucrose gradients were fixed for elec-
tron microscopy with gluteraldehyde and osmium 
tetroxide. Following embedding in epon, the sam-
ples were cut on a "Porter-Blum" MT-2 ultra-
microtome (Ivan Sorvall Inc., Norwalk, Con-
n cticut). Thin sections were stained with uran 1 
acetate and lead and were examined in a Philips 
EM 200 electron microscope (9). 
RESULTS 
During studies which led to the develop-
ment of a cell-free protein synthesizing system 
from mammalian skin, the data recorded in 
T able I were obtained from mouse skin. They 
indicate that ribosomes and a high speed super-
natant fraction isolated from wax epilated skin 
actively incorporated amino acids into peptide 
linkage. imilar studies performed with shaven, 
non-epilated skin led to an even greater incor-
poration when re ults were calculated either 
on the basis of incorporation per unit area of 
skin or per milligram of incubated ribosomal 
RNA. Such results could be attributed to sev-
eral causes. Wax epilation could cause damage 
to a requisite constituent of the cell-free in-
corporation system or it could remove com-
ponents which actively synthesize protein. The 
data indicate that the latter possibillty is true. 
'iVhen hair root cells were harvested from the 
wax sheet, homogenized, separated into ribo-
somal and high speed supernatant fractions 
and incubated in the medium described above, 
a modest but reproducible incorporation of 
amino acids into proteins could be demon-
strated. The RNA to protein ratio (W /W) of 
the ribosomes i alated from the hair root 
cells was much lower (less than 0.3) than that 
found in other tissues from which active cell-
free protein synthesizing systems had been 
developed (10). Thu , the ribosomal fraction 
was impure, the yield of hair root cells was 
TABLE I 
Cell-freiJ amino acid incorporation 
Tiss ues were prepared by liquid nitrogen freez-
ing and pulverization (4) . Hibosomes w.ere isolated 
from the 15,000 g supernatant fraction and incu-
bated for 30 minutes with the cofactors and high 
speed supernatant fraction described in the 
me hods section. 
Tissue 
Epilated skin 
N on-epilated skin 
Hair root cells 
Specific activity 
(cts incorp/ min/ RNA/protein 
mg ribosomal (ribosomes) 
RNA) 
400 
1200 
900 
0.36 
0 . 15 
0.22 
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FIG. 1. Latex epilation technique. Painted animal is shown in upper left frame. Upper 
right frame illustrates the efficiency of epilation, lower left frame is a close-up of the latex 
sheet with hair roots protruding and lower right frame demonstrates the method by which 
roots may be harvested from the sheet. 
quite low and the samples were grossly con-
taminated with epilating wax. 
Development of a preparative method for 
hair root cells. Attempts to modify the epilat-
ing wax to obtain hair roots by tweezing pro-
cedures, or to obtain adequate material by the 
wax method from other species including 
guinea pig, dog, rat, and rabbit were not suc-
ce ful. Figure 1 illustrates the preparative 
technique finally developed to permit con-
tinuation of these studies. Anesthetiz.ed guinea 
pigs were shaven with an electric clipper and 
painted with commercial latex paint from shoul-
ders to hip . Aft r several hours the latex set 
and formed a membrane with physical char-
acteristics similar to those of a rubber band 
which could be removed along with entrapped 
hair roots. Animals were cleanly epilated and 
the hair roots could be immediately harvested 
with a calpel from the latex into an appro-
priate buffer. Microscopic examination of the 
collected material revealed hair root cells, 
follicular material and relatively short lengths 
of fully keratinized hair shafts (Fig. 2) with-
out evidence of contamination by latex par-
ticles. Following homo!Tenization and fraction-
ation the harvested material could be used for 
the studies discussed below. 
Since commercial latex paint contains an 
ammonia base (pH over 10) which caused 
signs of transient neurologic toxicity in ex-
perimental animals, it became necessary to 
prove that the epilation method was not dele-
terious to the constituents of the protein syn-
thesizing system. The right side of a guinea 
pig was epilated with wax and the left with 
latex. After twelve hours, skin samples were 
surgically removed from each half, sliced with 
a Stadie-Riggs microtome and incubated in a 
medium containing C14 leucine according to 
techniques previously described (11). Follow-
ing incubation the epidermis was removed by 
the heat method, homogenized and the in-
corporation of leucine into epidermal proteins 
was determined. Figure 3 demonstrates that 
protein synthesis in the latex epilated skin 
amples was identical in magnitude and time 
course to that in the wax epilated tissue. Since 
it had previously been shown ( 4) that wax 
epilation did not adversely effect protein syn-
thesis, these results indicated that the latex 
method al o was not harmful. Direct toxicity 
tudies u iniT incorporation methods and hair 
root cells could not be undertaken. 
Characteristics of the hair root cell-free 
protein synthesizing system. The time course 
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FIG. 2. Histologic section of harvested hair root material. Hair root cells as well as root 
sheaths are attached to short lengths of fully keratinized hair. 
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FIG. 3. Epidermal protein synthesis in a skin 
slice system. Tissue was either wax or latex epilated 
prior to incubation. C14 leucine was added to the 
medium described in the text. 
of incorporation of tritiated leucine into protein 
when hair root microsomes and high speed 
supernatant fraction were incubated is shown 
in Figure 4. Activity was present for 30 to 40 
minutes. Similar results were obtained when 
hair root ribosome~ were used as the particu-
late fraction although marked differences be-
tween the two types of particles were evi-
dent. Hair root microsomes bad an RNA to 
protein ratio which varied between 0.1 and 0.4 
while that of the ribosomes was between 0.7 
and 1.0. In addition, a stoichiometric relation-
ship existed between incorporation and high 
speed supernatant fraction concentration when 
ribosomes were used. Microsomes had no high 
speed supernatant fraction requirement and 
apparently contained sufficient endogenous 
transfer RNA, activating and transfer enzymes 
to support incorporation. 
Since the hair root cell-free system was de-
veloped primarily for two purposes, to study 
the pathways of keratin synthesis in hair roots 
and to investigate the control mechanisms in-
volved in hair protein synthesis, subsequent 
investigations were aimed at maximizing in-
corporating activity in the system. These stud-
ies were directed at both the incubation con-
ditions and preparative procedures. Figure 5 
portrays the relationships between the incor-
poration of amino acids into proteins and the 
concentration of ribosomes and high speed 
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FIG. 5. Effects of concentration of ribosomes and high speed supernatant fraction upon hair root protein synthesis. In the left figure 275 p.g of high speed supernatant fraction pro-
tein were incubated with 1 to 375 p.g of ribosomal RNA. Data on the right represent incor-
poration with variable amounts of high speed supernatant fraction protein and a constant 
amount of ribosomal RNA (375 ,ug/ tube). Incubations were for 30 minutes. 
supernatant fraction protein fraction in the 
incubation mixture. When a constant amount 
of high speed supernatant was incubated with a 
progressively increasinO' amount of ribosomes, 
specific activity (calculated at counts incor-
porated per milligram of ribosomal RNA) de-
crea ed but the total incorporation per sample 
increa ed. When the ribosomal concentration 
wa kept constant and the concentration of 
high speed supernatant fraction varied, it be-
came apparent that maximum specific activity 
occurred when the ratio of high peed superna-
tant rotein to ribo omal RNA was approxi-
mate!) 3. This ratio was used in all subsequent 
experiment . 
Table II summarizes experiments under-
taken to identify the requirements for amino 
acid incorporation in both the ribo omal and 
microsomal y tern . ince day to day varia-
tion occurred in the ab olute magnitude of 
protein rnth i , results have been expressed 
a a per ntag of the control incubations which 
w r run with each experiment. When ribo-
somes were used as the particulate fraction, 
ATP, magnesium, and the high speed super-
natant fraction were rigidly required. Neither 
CTP nor UTP were necessary, omission of 
GTP produced less than optimal incorpora-
tion and omission of the ATP generating sys-
tem (phosphoenolpyruvate and pyruvate ki-
nase) led to reproducibly enhanced incorpora-
tion. Microsomes, as noted previously, did not 
require high speed supernatant factors and 
the ATP generating system did not inhibit mi-
crosomal incorporation. ATP and magnesium 
were again absolutely required and a relative 
GTP requirement was evident. An exogenous 
source of unlabeled amino acids was not nec-
e a ry in either system. 
Nature of the particulate fraction. Densit 
gradient centrifugation studies of the 15,000 X 
g upernatant fraction of homogenized hair 
root cell~ were undertaken in order to char-
acterize the particulate fraction active in pro-
tein synthesis. Reproduced in Figure 6 are two 
uch O'radi nt "·hi h are tYpical of all those 
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which have been obtained. Toward the left in 
each are small polysomal peaks. The largest 
peaks correspond in sedimentation value to 
monomeric ribosomes and the two small shoul-
ders apparent toward the right after 300 
minutes centrifugation correspond in sedimen-
tation value to ribosomal subunits. Since these 
patterns were similar to those obtained from 
tissues with high ribonuclease concentrations 
such as skin ( 4), spleen (12), lymph node (13), 
and pancreas (14), and quite different from the 
predominantly polysomal patterns obtained 
from homogenates of liver (15) and reticulo-
cytes (16), experiments were undertaken to 
ascertain whether the hair root density gradient 
pattern represented breakdown of native poly-
omes. 
Ribonuclease assays performed with yeast 
RNA as the substrate ( 17) indicated that the 
15,000 X g supernatant fraction of a hair root 
homogenate contained 80 m.ug of ribonuclease 
per milliliter (125 mg hair root tissue). Since 
hair root cells were difficult to homogenize, the 
possibility exi ted that the shearing forces used 
during the homogenization procedure led to 
disruption of polymeric ribosomes. Figure 7 
demonstrates that although the gradient pat-
tern was totally lost with excessive homogeni-
zation, monomeric ribosomes were predominant 
even following the shortest homogenization 
time compatible with adequate yields of mate-
rial for analysis. Mixed gradients such as those 
in Figure 8 were designed to test the potential 
of a hair root homogenate to cause breakdown 
of ribonuclease susceptible polysomes. Liver 
polysomes which were shown to be sensitive to 
ribonuclease degradation were prepared accord-
ing to the technique of Wettstein et al. (18). 
WhPn hair root cells were homogenized by the 
usual technique in TMKES containing liver 
polysome and subsequently subjected to den-
sity gradient centrifugation, the pattern dis-
played on the right resulted. The liver poly-
ames in fractions 1 through 10 were preserved 
and the resulting gradient pattern is essen-
tially a summation of the predominantly mono-
meric hair pattern and the polymeric liver pro-
file. 
Effects of magnesium upon the hair root 
.system. As noted above, the cell-free system 
derived from hair root cells had an ·absolute 
magne mm requirement for amino acid incor-
TABLE II 
H a£r root cell-free amino add in orporation 
Requirements for incorporation 
Components of the complete incubation mixture 
are described in the text. The indicated omi ions 
were made and resul ts compared to those of the 
complete system. Incubations were carried out for 
30 minutes. 
Incubation mixture 
Complete 
- Particle fraction 
- high speed supernatant 
fraction 
- amino acid mixture (un-
labeled) 
- ATP 
- Mg++ 
- GTP, UTP, CTP 
TP 
- CTP 
- UTP, CTP 
- GTP 
- PEP+ kinase 
Incorporation 
Microsomal Ribosomal 
system system 
100% 
5% 
97 0 
100 
22 0 
22% 
60 
92 0 
93% 
93% 
59 
109 
9 0 
G5 0 
92% 
9 0 
110 0 
76% 
144% 
poration. Figure 9 portrays the results of in-
cubations run at several magnesium levels. Be-
low 1 IDM MgCl2 the system was inactive. 
Between 1 and 5 IDM maximal activity was 
present while at a level of 50 mM the system 
was markedly inhibited. The magnesium con-
centration of the homogenization buffer had 
an additional effect (Figure 10) upon the par-
ticulate fraction. A magnesium concentration 
of 1 mM in both the homogenization buffer and 
that used in the density gradient tubes re-
sulted in the usual pattern. If the concentra-
tion was raised to 10 or 50 mM, the monomeric 
and polysomal particles gradually disappeared 
und were replaced by a progressively larger 
pellet at the bottom of each gradient tube. 
Below 1 IDM monomeric ribosomes and ribo-
somal ubunits were most prominent. 
In vivo hair root protein synthesis. To fur-
ther define the subcellular mechanism of hair 
root protein synthesis, a mixture of 15 cu 
labeled amino acids was injected intradermally 
into multiple sites over the dorsum of a group 
of previously shaven and latex painted guinea 
pigs. Preliminary experiments demonstrated 
::>. 
E 
0 
ID 
C\1 
1-
c{ 
II) 
1-
z 
::> 
>-
t: 
II) 
z 
UJ 
0 
..J 
c{ 
0 
1-
Q. 
0 
:i 240 MINUTES 300 MINUTES 
E 
0 
0 fD 
C\1 "tJ 
::! 
0 ·40 0 1- )> 
< r 
(/) 0 I'T1 1- z 
z (/) 
::> 0 ·06 0·30 
-t 
-< 
>-
1- 0 ·05 c 
(/) z 
z 
-t UJ (/) Q 0 ·04 0 ·20 
...J ~ < 0 ·03 (.) 
N 1- en Q. 0 0 0 ·02 0 ·10 3 
t 
o•ot 
5 10 15 20 5 10 15 20 25 
FRACTION NUMBER 
Fro. 6. Hair root homogenate post-mitchondrial supernatant fraction. Density gradient 
centrifugation performed according to the methods discussed in the text. The most dense 
portion of each gradient is toward the left. 
0 ·25 15 SECO NDS I MIN UT E 5 MINU T ES 
0 ·20 
0 · 15 
0·10 
0 ·0 5 
5 10 15 20 25 5 10 15 20 25 5 10 15 20 
FRACTION NUMBER 
Fro. 7. Effects of homogenization upon density gradient centrifugation pattern of hair 
ribo omes. Samples were homogenized for the indicated times and the post-mitochondrial 
supernatant fractions were layered on 10-30% sucrose gradient and centrifuged for 240 min-
utes at 25,000 rpm. Most dense portion of the gradients is toward the left. 
114 
HAm ROOT PROTEIN SYNTHESIS 115 
1·50 
HAIR LIVER HA IR AND LIVER 
='. 
E 1· 25 
0 
ID 
C\1 
1-
ct 
en 1·00 
!:::: 
z 
:::> 
>-
!:::: 
en 0 ·75 
z 
LIJ 
0 
__J 
ct 
~ 
1-
Cl. 0 ·50 
0 
0 ·25 
5 10 15 2 0 25 5 10 15 20 2 5 5 10 I~ 2
0 
FRACTIO N NUMB ER 
FIG. 8. Density gradient centrifugation patterns. 10-30% sucrose gradients were centri-
fuged for 240 minutes at 25,000 rpm. Hair pattern is shown toward the left and liver pattern is 
in the center. When liver polysomes were added to the buffer in which hair roots were homog-
enized, the pattern displayed to the right resulted. Most dense portion of each gradient is 
toward the left. 
that the incorporation of the amino acids into 
hair root proteins was over two times greater 
following intracutaneous rather than intra-
cardiac, intraperitoneal, or subcutaneous injec-
tion. At various times following the injections, 
strips of latex were removed, the hair root cells 
were harvested and homogenized and the 
15,000 X g supernatant fractions of the ho-
mogenates were subjected to density gradient 
centrifugation. Fractions from the density 
gradient were precipitated with lOo/o trichlor-
acetic acid and the incorporation of amino acid 
into protein in each fraction was determined. 
In all cases (Figure 11) labeled protein was 
associated with the monomeric ribosomes al-
though. in each experiment incorporated radio-
activity was also found in the pellet at the bot-
tom of the gradient tube. The specific activities 
(counts per optical density unit) were higher 
in the polysomal area than in the monomeric 
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ribosomal peak and even after short time in-
tervals (15 minutes post injection) counts could 
be identified in the soluble protein fraction 
at the top of the gradient tube. Heating the 
fractions to goo for 15 minutes did not solu-
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ilize any of the original trichloracetic acid 
precipitable radioactivity proving that these 
counts were not associated with transfer RNA. 
Localization of cell-free incorporating ac-
tivity. Figure 12 summarizes experiments un-
dertaken to measure the relative in vitro in-
corporating activity of various particulate 
fractions isolated from homogenized hair root 
cells. The hair root 15,000 X g supernatant 
fraction from 4 guinea pigs was subjected to 
density gradient centrifugation in multiple 
aliquots which were prepared in parallel. The 
pellets from the gradient tubes, the poly-
somal areas, the monomeric ribosomal peaks 
and the ribosomal subunits were subsequently 
collected, pooled, recentrifuged and incubated 
with a hair root cell supernatant fraction in the 
usual manner. Protein synthesis by the sub-
unit fractions was low and attributable to 
minimal contamination by the neighboring 
monomeric ribosomal peak. In this system, to 
which exogenous messenger RNA was not 
added, the monomeric ribosomes were only 
25% less active than the polysomes. The frac-
tion sedimenting to the bottom of the density 
gradient tube was also active although incor-
poration was less than with the other active 
fractions. The electron micrograph displayed in 
Figure 13 indicates that the pellet fraction 
was contaminated with membranes and ves-
icles although the other fractions appeared to 
be morphologically homogenous particles. 
DISCUSSION 
During the past decade many studies of cell-
free protein synthesis have been undertaken 
utilizing various tissues from multiple species. 
These investigations have led to a general 
description of the biochemical pathways in-
volved in protein synthesis and more recently 
in several cases to delineation of the details of 
specific protein synthesis (19, 20). The data 
reported in this communication lend confidence 
to the belief that the synthesis of hair proteins 
can be studied in a similar manner. 
The technique of latex epilation was central 
to the studies for it led to adequate yields (over 
1 gram of hair roots per animal) of metaboli-
cally active tissue in which full keratinized hair 
shafts were as short as is theoretically pos-
sible and contamination of the sample by the 
epilating material was avoided. The hair roots 
could be immediately homogenized in a motor 
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Fra. 12. Hair root cell-free amino acid incor-
poration. 10-30% gradients prepared from the 
15,000 g supernatant fraction of an homogenate 
were divided at the levels indicated by the vertical 
bars. The pellets, polysome , monomeric ribosomes 
and subunits (less than 808) w re used as the par-
ticle fraction in incorporation experiments. Specific 
·activities following 30 minute incubations and 
RNA /protein ratio of each particle fraction are 
recorded below the figure. 
driven mortar and pestle without the use of 
excessive force. Tissue prepared by manual 
epilation contained much longer hair shafts and 
was extremely difficult to homogenize. 
The mechanism of protein synthesis in a 
cell-free system derived from these mam-
malian hair roots was similar to that in the 
skin cell-free protein synthesizing system which 
has been previously described (4). For max-
imum incorporation of amino acids into pro-
teins a particulate fraction, either microsomes 
or ribosomes, was required and in the case of 
ribosomal incubations components from the sol-
uble fraction of the tissue were necessary. Re-
cent studies (21) have proven that this high 
speed supernatant fraction contains transfer 
RNA and the activating enzymes required 
Fm. 13. Electron micrographs of hair root density gradient fractions. A. Gradient pellet 
consists of membranes, vesicles and debris as well as particles consistent in size and mor-
pholog with bound ribonucleoprotein particles (arrow). B. Polysomal area consists of 
particl s consistent in size and morphology with ribonucleoprotein particles. C. Particles 
from 0 peak. D. Particles sedimenting with a density of less than 80 Svedberg units. 
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for the first steps of protein synthesis. Suffi-
cient enzyme and transfer RNA sedimented 
with the particulate fraction when microsomes 
were prepared so that further additions were 
not necessary. Without ATP, incorporation 
was minimal and if GTP was omitted both 
systems were inhibited 25 to 40%. An ATP 
generating system was not required and in the 
case of the ribosomal system it actually in-
hibited incorporation. This observation, which 
is presently under further investigation, mim-
ics that previously made in studies of skin cell-
free protein synthesis. Magnesium was neces-
sary for incorporation and the peak activity 
between 1 and 10 mM was again similar to that 
noted in the skin system. Exogenous amino 
E.cids were not required for incorporation, un-
doubtedly due to endogenous amino acid pools 
in the supernatant fraction. 
There are several unresolved questions con-
cerning hair root protein synthesis which have 
been raised by these studies. Electron mi-
crographs of hair root cells indicate the 
presence in the tissue of many polymeric ribo-
somes, the site of protein synthesis in most 
tissues. However density gradient centrifuga-
tion patterns such as those reproduced in Fig-
ure 6 are characteristic of hair root homage-
nates; polysomes are rare and monomeric 
ribo omes are abundant. When tissue which has 
been labeled in vivo was homogenized and ex-
tracted, the majority of the incorporated radio-
activit} at all t imes was associated with the 
monomeric ribosomes although the specific ac-
tivity of the polysomes was higher. Finally, if 
the monomeric ribosomes were separated from 
the polysomes and used as the particulate 
fraction in the cell-free system, their incor-
porating activity was as great as that of the 
polysomes. 
There are two possible interpretations of 
these data. In hair root cells the active ribo-
somal particles may be oriented as single units 
with protein synthesis occurring on these 
structures in vivo. If this is the case, the ex-
periments demonstrating that the majority of 
particles isolated from the 15,000 X g super-
natant fraction of a hair root homogenate are 
single ribosomes, that the in vitro incorporat-
ing activity of the single ribosomes is essen-
tially as high as that of the polysomes, and that 
following in vivo synthesis, the incorporated 
counts are associated with the monomeric 
ribosomes may reflect the actual biological 
situation. On the other hand, the results may 
be related to an artifact resulting from the pre-
parative procedures. Polysomes are known to 
be fragile structures which can be dissociated 
by relatively small amounts of ribonuclease 
(22). Low concentrations of ribonuclease have 
been found in the hair root homogenates, but 
no direct proof is available to relate the results 
presented to artifactual breakdown. Homoge-
nization of ribonuclease sensitive liver poly-
somes in the presence of hair root cells did not 
lead to a predominantly monomeric ribosomal 
pattern. 
The other unresolved question relates to the 
actual incorporating activity of the hair root 
system. It is significantly lower than that of an 
identical system prepared from guinea pig liver. 
It is possible that the efficiency of protein syn-
thesis in hair root cells is less than that in liver 
cells, but a more attractive hypothesis is that 
the hair root system is damaged by the prepar-
ative procedures which must be more vigorous 
than those used for liver studies. Ribonuclease 
release again could be a significant factor lead-
ing to damage to the ribosomes themselves or 
to the messenger RNA associated with them 
in vivo. Messenger destruction however cannot 
be complete since the fractions are active 
in vitro without exogenous messenger RNA. If 
a portion of the messenger molecule was not at-
tached to the isolated particles, no synthesis 
would take place. This problem, which is under 
active investigation at the present time, will 
be the subject of future communications from 
this laboratory. 
Although these problems do exist, the cell-
free system as described in this report is 
sufficiently active so that it can be used for 
further studies of the control mechanisms in-
volved in mammalian hair root protein syn-
thesis as well as for investigations of the bio-
chemical pathways of keratin synthesis. 
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